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Thyroid hormoneDuring the climax of amphibian metamorphosis many tadpole organs remodel. The different remodeling
strategies are controlled by thyroid hormone (TH). The liver, skin, and tail ﬁbroblasts shut off tadpole genes
and activate frog genes in the same cell without DNA replication. We refer to this as “gene switching”. In
contrast, the exocrine pancreas and the intestinal epithelium dedifferentiate to a progenitor state and then
redifferentiate to the adult cell type. Tadpole and adult globin are not present in the same cell. Switching
from red cells containing tadpole-speciﬁc globin to those with frog globin in the liver occurs at a progenitor
cell stage of development and is preceded by DNA replication. Red cell switching is the only one of these
remodeling strategies that resembles a stem cell mechanism.
© 2009 Elsevier Inc. All rights reserved.Introduction
Thyroid hormone (TH) controls developmental programs during
amphibian metamorphosis (Dodd and Dodd, 1976). The climax of
metamorphosis for Xenopus laevis takes place in about 8 days from the
time the front legs emerge (NF59) to the end of tail resorption (NF66)
(Brown and Cai, 2007). Most but not all of the metamorphic changes
that occur during climax can be described as death and remodeling
programs (Tata, 1998, Su et al., 1999, Brown and Cai 2007). Among the
organs that remodel at climax are skin (Suzuki et al., 2009), liver
(Atkinson et al., 1998), intestine (Ishizuya-Oka and Shi, 2005), pancreas
(Mukhi et al. 2008), the immune system (Rollins-Smith, 1998), brain
(Kollros, 1981), eye (Hoskins 1986), trunk muscle (Nishikawa and
Hayashi, 1994; Shimizu-Nishikawa et al., 2002), ﬁbroblasts (Berry et al.,
1998a) and hematopoiesis (Weber, 1996). Molecular and biochemical
aspects of remodeling of some of these organs have been studied and
reviewed recently (Furlow and Neff, 2006; Buchholz et al., 2006; Tata,
2006; Brown and Cai, 2007).
In this paper our goal has been to identify the tadpole cells that
give rise to differentiated frog cells in several organs. The organs or
cell types reported on in this paper include, parenchymal and red cells
in the liver, epithelial cells of the skin, and ﬁbroblasts in the tail
notochord. We propose that there are at least three strategies of
remodeling at the climax of metamorphosis. In the dedifferentiationAgricultural Products, Route 1
ty of Pittsburgh 5200 Centre
ll rights reserved.model TH induces differentiated cells of the tadpole exocrine pancreas
(Mukhi et al., 2008) and the intestinal epithelium (Schreiber and
Brown, 2005) to dedifferentiate to progenitor cells. The subsequent
redifferentiation is not controlled by TH. The gene switching model is
the subject of most of this paper. TH induces gene switching in
differentiated tadpole skin, liver and ﬁbroblast cells demonstrated by
the fact that tadpole and frog speciﬁc mRNAs coexist for a brief time in
the same cells. A third model, “cell-switching,” is exempliﬁed by
globin switching. TH induces DNA replication of progenitor hemato-
poietic cells followed by expression of adult globin.
Results
Switching from a growth program to a death program in tail ﬁbroblasts
The tadpole notochord is a hollow collagen rod that extends nearly to
the end of the tail. It is lined and surrounded by ﬁbroblasts. At
metamorphic climax these ﬁbroblasts switch from a growth program
characterized by the synthesis of collagens and extracellular matrix to a
hydrolysis program that involves the expression of a variety of
proteolytic enzymes that digest the notochord (Berry et al., 1998a; Das
et al., 2006) and collapse the tail (Elinson et al., 1999) (Fig. 1). One of the
TH-induced MMPs that is absent during premetamorphic growth is
collagenase-3 (MMP-13) (Wang and Brown, 1993). As demonstrated in
Fig. 1, premetamorphic growing tadpoles express collagen and not
collagenase-3 in ﬁbroblasts. After 4 days of exogenous T3 exposure the
ﬁbroblasts change their program from synthesizing collagen to collage-
nase-3. There is a brief time when both sets of mRNAs are present in the
same cell (Figs. 1B and E) ruling out a role for DNA replication in the
switch. Adjacent sections are adequate to conﬁrm this since every
ﬁbroblast that lines the inside of the notochord expresses both mRNAs.
Fig. 1. Reprogramming of ﬁbroblasts in the tail notochord. TH induces a change in gene expression in the tail that causes regression of the tail. In situ hybridization of adjacent
sections with (A–C) collagen and (D–F) collagenase-3. (A, D) NF55 control; (B, E) 10 nM T3 for 2 days; (C, F) 10 nM T3 for 4 days. (scale bar=40 μm).
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ways. Transgenics in which the rat collagen promoter drives the
dominant negative form of the thyroid receptor alpha (TRDN) express
the transgene widely in tadpoles and interferes with many TH-
inducible changes (Schreiber et al., 2001) including the ﬁbroblasts of
the tail notochord making them resistant to downregulation of
collagen (Fig. 2A) and upregulation of collagenase-3 (Fig. 2B).
Overexpression of prolactin makes tail ﬁbroblasts resistant to TH
(Huang and Brown, 2000). Tadpoles transgenic for prolactin cannot
resorb their tail ﬁns or digest their notochords. TH does not induce
downregulation of collagen (Fig. 2C) or upregulation of collagenase
(Fig. 2D) in transgenic tadpoles expressing prolactin.Fig. 2. The inhibition of ﬁbroblast reprogramming. In situ hybridization with (A, C) collagen;
for 4 days. (C, D) NF55 transgenic for ovine prolactin treated for 4 days with 10 nM T3. (scSwitching from a tadpole to a frog skin
The tadpole skin is induced to change by TH at the climax of
metamorphosis. This change occurs throughout the body including
the growing limbs, the sites of the sections described here. The
tadpole skin consists of three replicating cell layers (Yoshizato,
2007) that synthesize a number of tadpole speciﬁc genes (Furlow et
al., 1997; Suzuki et al., 2009) including a tadpole-speciﬁc keratin
named DG 118 (Miyatani et al., 1986) (Fig. 3A). These cells do not
express adult-speciﬁc keratin genes (Fig. 3D). In contrast frog skin is
a typical germinative epithelium in which only the basal cells
replicate. The skin has switched from expressing tadpole-keratin(B, D) collagenase-3. (A, B) NF55 Col-TRDN transgenic tadpoles treated with 10 nM T3
ale bar=40 μm).
Fig. 3. Reprogramming of the skin in cross sections of the limb. In situ hybridization with A, B, C, G, H) tadpole keratin; D, E, F, I, J) adult keratin. Immunocytology with antibodies
against (g) tadpole keratin; (i) adult keratin. Keratin is green and Dapi is blue. (A, D) NF55; (B, E) NF59; (C, F) adult frog; (G, g, I, i) NF55 treated with 10 nM T3 for 3 days; (H, J) NF55
treated with 10 nM T3 for 6 days. (g) Scale bar for g and i=10 μm; for the in situ hybridization panels=20 μm).
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Fig. 3F). The transition occurs at climax (NF59) when the adult
keratin gene is activated (Fig. 3E) and the tadpole keratin mRNA is
repressed but still present at a low level (Fig. 3B). To further
investigate whether the switching of the genes from tadpole speciﬁc
keratin to adult speciﬁc keratin occurs in the same cells, we induced
premetamorphic tadpoles with TH. In premetamorphic tadpoles all
three epithelial layers are positive for tadpole-keratin mRNA
(Fig. 3A) and none of the cells express adult keratin (Fig. 3D).
Gene switching occurs during the 3rd day of T3 induction. At thistime all three layers of skin cells still contain tadpole-speciﬁc
keratin mRNA and protein (Figs. 3G and g). A consecutive section of
skin demonstrates that the newly induced adult keratin mRNA
(Fig. 3I) is expressed in the middle layer of larval skin cells; adult
keratin protein (Fig. 3i) appears in the outer two layers. For a brief
period at climax both types of keratin protein and mRNA are present
in the same cells. The cells containing tadpole keratin are lost as the
basal layer replicates until only adult keratin is synthesized. Therefore,
the original progenitor cells for adult skin are differentiated tadpole
skin cells.
Fig. 4. Gene switching in liver parenchymal cells. In situ hybridization with (A–C) fetuin B; (D–F) serum albumin. (A, D) NF55; (B, E) NF60; (C, F) adult frog. Sections from the same
stage are consecutive. Transition from larval to adult cell type happens at climax without signiﬁcant cell replication or cell death. Scale bar=100 μm.
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Unlike the pancreas and the intestine the liver does not change
much in appearance at metamorphosis. However, it undergoes
extensive changes in gene expression. The tadpole liver was the
focus of some of the earliest biochemical studies of amphibian
metamorphosis. P.P. Cohen and his colleagues at the University of
Wisconsin demonstrated that the conversion from ammonia excre-
tion in the aquatic tadpole to urea excretion in the land-based bullfrog
is accompanied by an upregulation of the urea cycle enzymes in the
liver at metamorphosis (Cohen et al., 1978). We surveyed gene
expression differences between the tadpole and frog liver by carrying
out a microarray study. Many genes were identiﬁed that are
expressed only in the tadpole or the frog liver. The results of this
microarray have been submitted to the GEO data base (GSE16017 and
GSE16018).
Fetuin B (Fig. 4A) and alcohol dehydrogenase (ALD) (data not
shown) are genes that are expressed at high levels in the premeta-
morphic tadpole liver parenchymal cells and then downregulated atFig. 5. The liver fatty acid binding protein (L-FABP) promoter from zebra ﬁsh expresses GFP
abdominal view of a NF55 tadpole transgenic for L-FABP-GFP; (B) section of the liver of the
Section of a NF55 liver of a tadpole transgenic for the tet inducible L-FABP-TRDN-GFP. This tra
cadherin (red) and GFP (green). Scale bar is 1 mm for A and 40 μm for B and C.metamorphic climax. Their expression is absent in the adult frog
liver (Fig. 4C). Albumin(Fig. 4D), cytochrome p450, and carbomyl
phosphate synthetase (CPS) (data not shown) mRNAs are absent in
the tadpole liver and highly abundant in the adult liver parenchymal
cells (Fig. 4F). This transition in the gene expression proﬁle happens at
the climax of metamorphosis (NF 60-62) without signiﬁcant DNA
replication or cell death (VanDenbos and Frieden, 1976). When
adjacent sections at NF 60 were hybridized in situ for tadpole- and
frog- speciﬁc mRNAs, both kinds of mRNAs are expressed in all of the
parenchymal cells for a brief period of time (Figs. 4B and E). After
climax the tadpole speciﬁc mRNAs disappear and the adult speciﬁc
mRNAs remain highly expressed. These changes at spontaneous
metamorphosis are duplicated by precocious induction when TH is
added to premetamorphic tadpoles (data not shown). We have
conﬁrmed the absence of DNA replication and cell death in
parenchymal cells by BrdU and caspase-3 immunocytology (data not
shown). TH induces extensive BrdU labeling of cells in the spaces
between the parenchymal cells (see Fig. 8). The majority of these are
red cells.speciﬁcally in the liver parenchymal cells. (A) Liver ﬂuoresces in a low power ventral
animal shown in (A) showing cytoplasmic expression of GFP in parenchymal cells. (C)
nsgene is visualized in the nucleus. B and C are doubly stainedwith antibodies against E-
121S. Mukhi et al. / Developmental Biology 338 (2010) 117–126We prepared animals transgenic for the tetracycline (doxycycline)
inducible gene expression system inwhich the TRDN-GFP transgene is
controlled by a 2.8-kb DNA liver fatty acid binding protein (L-FABP)
promoter derived from zebra ﬁsh (Her et al., 2003). This promoter
expresses in liver (Fig. 5A) and speciﬁcally in parenchymal cells. These
cells are outlined by an antibody against e-cadherin. GFP (Fig. 5B) is
localized in the cytoplasm and the TRDN-GFP (Fig. 5C) is nuclear.
Transgenic animals were grown to premetamorphic stages (NF55)
and selected by PCR from tail fragments. Adding doxycycline to theFig. 6. In situ hybridization of liver sections of control NF55 tadpoles and sibling tadpoles t
tetracycline system. In all panels the tadpoles were incubated for 6 days with the inducer dox
FABP-TRDN-GFP transgenic tadpoles. (A, B) fetuin B; (C, D) alcohol dehydrogenase; (E, F) Crearing medium for 4 days to induce the transgene was followed with
10 nM T3 for 4 more days. Control tadpoles (NF55) were treated
identically. Liver samples were processed for in situ hybridization
with probes for two downregulated genes (Fetuin B and ALD) and two
upregulated genes (Cp450 and CPS) (Fig. 6). After 4 days of T3
treatment the larval speciﬁc mRNAs were downregulated in control
tadpoles (Figs. 6A and C) but not in the livers of the transgenic
tadpoles expressing TRDN (Figs. 6B and D). The adult speciﬁc genes
were resistant to induction in the transgenic tadpoles (Figs. 6F and H).ransgenic for the TRDN transgene driven by the L-FABP promoter under control of the
ycycline followed by 3 days of 10 nM T3. (A, C, E, G) control NF55 tadpoles; (B, D, F, H) L-
P450; (G, H) CPS. Scale bar=40 μm.
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The transition from tadpole to frog globin containing red cells
begins at the onset of metamorphic climax (around NF59) in the
tadpole liver (Maniatis and Ingram, 1971). For several stages of
development both larval and adult red-blood cells are detectable in
liver. The relationship of progenitor cells that give rise to the tadpole
and frog red cells has been controversial. Individual red cells have
been claimed to contain both kinds of globin (Benbassat, 1974). This
result would mean that tadpole and frog red cells share the same
progenitor cell. However others have found that tadpole and frog
globin are never expressed in the same cell (Maniatis and Ingram,
1971). We reinvestigated this problem by performing in situ
hybridization with probes for frog and tadpole speciﬁc globin
mRNAs. The growing tadpole liver has many tadpole globin contain-
ing cells (Fig. 7A) and very few frog globin red cells (Fig. 7D).In adult
frogs, the tadpole globin cells disappear completely (Fig. 7C) and areFig. 7. Switching of globin-containing red blood cells from larval type to adult type occurs at
(G–H) tadpole globin (red) and adult globin (purple). (A, D) NF55; (B, E, G, H) NF62; (C, F
bar=40 μm for A–F; 20 μm for G; 10 μm for H.replaced by adult globin-containing cells (Fig. 7F). For a brief period at
climax of metamorphosis both kinds of red cells are observed in the
liver (Figs. 7B and E). We performed a double in situ hybridization at
climax when there are about equal numbers of the two kinds of red
cells. After screening many liver sections we never saw a single red
cell that contained both kinds of globin mRNAs (Figs. 7G and H).
Frog globin-containing red cells are abundant in the liver just
3 days after exposure of premetamorphic tadpoles to T3 (Figs. 8D
and J). When BrdU is injected into premetamorphic (NF55) tadpoles
followed 24hrs later by the addition of 10 nM T3 to the rearing
water many tadpole red cells (Fig. 8C) but no frog red cells (Fig. 8F)
are labeled with BrdU. In contrast when BrdU is injected after TH
induction both tadpole and frog red cells are labeled extensively
(Figs. 8I and L). From this we conclude that terminal differentiation
of a hematopoietic lineage cell is preceded by DNA replication. TH
does not shut down tadpole red cell proliferation and differentiation
immediately. These experiments do not distinguish whether theclimax in the liver. In situ hybridization with (A–C) tadpole globin; (D–F) adult globin;
) frog liver. There was no co-localization of the two probes (G and H) at climax. Scale
Fig. 8. Labelling of tadpole and adult red cells with BrdU at different times before and after TH treatment. (A–F) BrdU was injected 24 h before the addition of 10 nM T3. Three days
later the livers were analyzed. (G–L) BrdU was injected after 48 h of 10 nM T3 treatment. The livers were isolated after another 24 h. (A–C and G–I) tadpole globin; (D–F and J–L)
adult globin. (A, D, G, J) in situ hybridization (red). (B, E, H, K) BrdU immunocytology (green) of the adjacent sections; (C, F, I, L) merge of the adjacent two sections. Scale
bar=20 μm.
123S. Mukhi et al. / Developmental Biology 338 (2010) 117–126same or different progenitor cells are precursors to tadpole and
adult red cells. The sections of liver in Fig. 8 mainly contain
parenchymal cells. As stated earlier TH does not induce DNA
replication in these cells. All of the BrdU labeled cells are in spaces
between liver cells.We also tested whether TH-induced changes in parenchymal cells
will inﬂuence globin switching in the liver. Liver sections from the TH-
induced pLFABP-TRDN tadpoles were in situ hybridized with larval
and adult globinmRNA probes. Globin switching occurred normally in
these transgenic tadpoles (data not shown).
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A well-documented example of remodeling at metamorphosis is
the change that occurs in certain motor neurons in the brains of
insects (Truman and Reiss, 1976) and amphibians (Barnes and Alley,
1983). These neurons alter their morphology and their connections
without dividing as the animals metamorphose. Therefore the
progenitor cell for the adult neuron is a differentiated functioning
larval neuron. Although changes in gene expression have not been
studied in neuron remodeling we interpret this as another example of
gene switching. In amphibian metamorphosis remodeling by gene
switching occurs invariably at the climax of metamorphosis. In each
case TH induces the appearance of differentiated markers in cells that
still contain tadpole mRNA that encodes cell speciﬁc “terminally”
differentiated products characteristic of the tadpole. Therefore DNA
replication does not play a part in the earliest stages of remodeling.
However, in some cases such as the skin gene switching is just a part
of the complex remodeling that occurs at metamorphosis.
Fibroblast gene switching
Collagen is an important component of the notochord sheath that
traverses the length of the tadpole tail and supports its structure
(Elinson et al. 1999). During the growth phase of tadpole develop-
ment the collagen sheath is synthesized by ﬁbroblasts that surround
the notochord and line its lumen. As the TH concentration rises these
ﬁbroblasts switch from synthesizing extra cellular matrix proteins
including collagen to proteolytic enzymes that will degrade the
sheath leading to tail resorption (Berry et al., 1998a). In earlier
studies we identiﬁed groups of genes that are downregulated or
upregulated by ﬁbroblasts in spontaneous or TH-induced meta-
morphosis by a subtractive hybridization screen (Wang and Brown,
1993) and by microarray analysis (Das et al., 2006). The switching of
function from a growth to a resorption program in the same cell is a
feature of these ﬁbroblasts and directly controlled by TH. A similar
reaction occurs in gill ﬁbroblasts (Berry et al., 1998b). The expression
of extracellular matrix proteins including collagen is downregulated
while collagenase-3 along with several other proteolytic enzymes are
activated in the same ﬁbroblasts (Fig. 1). Two experiments show the
TH-dependence of the up- and down-regulation responses. Gene
switching in notochord ﬁbroblasts is inhibited in transgenic animals
with a collagen promoter driving the TRDN transgene. Col-TRDN
animals when exposed to TH fail to downregulate collagen or
upregulate collagenase-3 after 4 days of treatment (Figs. 2A and B).
Resistance to gene switching in ﬁbroblasts occurs in transgenic
tadpoles that express excess prolactin (Figs. 2C and D). They do not
resorb the ﬁbroblast components of the tail including the notochord.
TH-induced resorption of the adjacent tail muscle is not affected by
interfering with gene switching in the ﬁbroblast program (Huang
and Brown, 2000).
The change from tadpole to frog skin
No organ undergoes a greater change at metamorphosis than does
the skin. The tadpole skin including that covering the growing limbs
has three self-replicating layers and no dermis (Yoshizato, 2007). A
thin layer of sub epithelial ﬁbroblasts is beneath the epidermis
adjacent to muscle (Berry et al., 1998b). Genes have been identiﬁed
that are expressed in just one the three layers of tadpole skin (Furlow
et al., 1997; Watanabe et al., 2001). However, in this paper we have
studied the expression of a larval keratin that is expressed in all three
layers throughout tadpole life (Miyatani et al., 1986; Schreiber and
Brown, 2003). Even though the cells that ﬁrst transcribe an adult
keratin gene still contain residual tadpole keratin mRNA (Fig. 3), this
example of gene switching is just the beginning of skin remodeling. At
the climax of metamorphosis, controlled by TH, a typical vertebrategerminative epithelium replaces the tadpole epithelium (Yoshizato,
2007). Replication within the frog skin resides in the basal cell layer. A
dermis forms at climax for the ﬁrst time (Yoshizato, 2007), and two
kinds of skin glands, called mucous and granular glands, appear de
novo at climax, (Bevins and Zasloff, 1990; Flucher et al., 1986). TH
induces all of these changes.
Liver gene switching
Many changes in enzyme activity of the bullfrog liver at
metamorphosis have been reported including induction of the urea
cycle enzymes (Cohen et al., 1978) and their mRNAs (Atkinson et al.,
1996). We have extended this list of TH- up- and down-regulated
genes in the liver by carrying out microarrays at different stages of X.
laevis metamorphosis. The two tadpole-speciﬁc genes (fetuinB and
alcohol dehydrogenase) and the two frog speciﬁc genes (cytochrome
P450 and CPS) studied here were demonstrated by in situ hybridiza-
tion to be expressed in parenchymal cells. A controversy whether the
adult parenchymal cells are derived from stem cells or from tadpole
parenchymal cells was provoked by the substantial lag period after TH
induction before the appearance of urea cycle enzymes. Chen et al.,
(1994) studied two genes by in situ hybridization of liver sections of
the bullfrog that are up-regulated by TH in the liver in all parenchymal
cells. In addition DNA replication in the liver at metamorphosis has
been reported to be low (VanDenbos and Frieden, 1976). From this
they favored the “reprogramming of resident hepatocytes.” Our
experiments conﬁrm this conclusion by showing that at climax
(NF62) larval and adult speciﬁc mRNAs coexist for a brief time in the
same cells (Fig. 4). Exposure to TH induces the adult genes (CP450 and
CPS) and downregulates the larval mRNAs (Fetuin B and ALD).
Transgenic L-FABP-TRDN animals failed to switch the program when
exposed to TH (Fig. 6). This further proves that the gene switching
program in the liver is a direct cell autonomous response of TH action
and that differentiated tadpole parenchymal cells are the progenitor
cells for the adult parenchymal cells.
Cell type switching
Red cell switching occurs in the X. laevis tadpole liver and is TH-
dependent. Unlike gene switching in the liver parenchymal cells,
tadpole and frog globins do not appear in the same cell (Fig. 7).
3 days after exposure to TH adult globin-containing cells are
prevalent in the tadpole liver. Progenitor cells to adult red cells
could not be labeled with BrdU before the addition of TH (Fig. 8).
However administration 2 days after TH resulted in extensive
incorporation of BrdU in both tadpole and frog red cells (Figs. 8I
and L). Thus TH induces DNA replication in progenitor cells before
they express frog globin. With or without TH the tadpole globin
progenitor cells in the liver incorporate BrdU extensively. If frog and
tadpole red cells derive from the same progenitor cells then TH might
be expected to shut off replication in new tadpole red cells at the
same time. In fact even after several days of TH induction substantial
labeling of tadpole red cells with BrdU continues. The loss of tadpole
red cells has been attributed to their enhanced apoptosis (Nishikawa
and Hayashi, 1999) in addition to a down-regulation of synthesis in
the liver. By the end of metamorphosis the liver no longer
synthesizes tadpole red cells. TRDN expressed in parenchymal cells
did not alter the T3-induced globin switching in liver. Therefore, we
were unable to demonstrate a role for the parenchymal cells in globin
switching in the liver.
Other presumptive gene switching examples at climax
Additional remodeling events that appear to be examples of gene
switching have not been investigated in sufﬁcient detail. The lung and
metanephros are present throughout tadpole life (Dodd and Dodd,
125S. Mukhi et al. / Developmental Biology 338 (2010) 117–1261976). During climax both organs change morphologically, but in
neither case have any genes been identiﬁed that might distinguish the
tadpole from the frog organ. The cartilaginous skeleton of the tadpole
ossiﬁes at climax and undergoes extensive remodeling (Trueb and
Hanken, 1992; Berry et al., 1998b). Nothing is known about the genes
involved in these dramatic changes.
Remodeling by dedifferentiation
The tadpole intestinal epithelium (Schreiber and Brown, 2005;
Ishizuya-Oka et al., 2009) and the exocrine pancreas (Mukhi et al.,
2008) remodel at metamorphic climax by dedifferentiating to a
progenitor state and then redifferentiating to an adult cell. Recently
Weaver and Krasnow (2008) have described the same dedifferenti-
ation-redifferentiation remodelingmechanism for larval tracheal cells
in Drosophila at metamorphosis. Just as is the case for gene switching
the cells that give rise to the adult pancreas and epithelial cells of the
intestine are originally specialized larval cells not traditional stem
cells.
De novo appearance of organs at climax
Several notable structures with highly specialized gene expression
patterns appear for the ﬁrst time at climax. A dermis and two kinds of
skin glands form at climax each synthesizing its own particular set of
products (Bevins and Zasloff, 1990). Glands also appear in the
stomach at climax. The products of stomach glands have not been
investigated. Bone marrow forms for the ﬁrst time at climax.
Therefore the adult state is derived at metamorphic climax by a
variety of remodeling strategies. In each case TH triggers the change
and the resulting adult structure resembles its counterpart in other
adult vertebrates much more closely than the tadpole version of the
organ.
Materials and methods
Plasmid constructs and transgenesis
Several transgenic tadpoles were used in these experiments.
Construction of these plasmids has been described: pCol-GFP-TRDNα
(Schreiber et al., 2001); pCMV-xPRL (Huang and Brown 2000). The
tetracycline inducible (TetO) system (Gossen et al., 1995) was used
for overexpression of TRDN in the liver. pL-FABP- rtTA2S-M2 was
constructed by cloning the 2.8 kb zebraﬁsh L-FABP promoter (gift
from Dr. Didier Stainier, UCSF) into pCS2-rtTA2S-M2 by replacing the
CMV promoter. The construct of Tet[O]-TRDN-GFP3 or Tet[O]-GFP3
has been described earlier (Das et al., 2002). “TRDN” is the coding
sequence of X. laevis TRα lacking 36 bp from its C terminus fused by a
15-bp linker to GFP3 (Das et al., 2002). Transgenic tadpoles were
prepared by restriction enzyme mediated integration (Kroll and
Amaya 1996) with some modiﬁcations (Huang et al., 1999). All
transgenic animals (except liver) were prepared by co injecting the
linearized the plasmid of interest with a linearized γ-crystalline-GFP
construct (Smolich et al., 1993). For expression of TRDN liver, pL-
FABP-rtTA2S-M2 and pTet[O]-TRDN-GFP3 were co-injected. Tadpoles
were grown and the transgenic animals were selected by PCR of tail
pieces with appropriate PCR primers.
Spontaneous and Induced metamorphosis
Transgenic and wild type tadpoles were grown in 0.1× MMR as
described (Mukhi et al., 2008) and staged according to Nieuwkoop
and Faber (1956). For spontaneous metamorphosis tadpoles were
raised in a ﬂow-through system at 22°C with a 12-h light-dark cycle,
fed and sampled at appropriate stages. T3-induction experiments
with premetamorphic (NF55) wild type were carried out in 4-litercontainers. A ﬁnal concentration of 10 nM T3was added to the rearing
water (0.1× MMR) and changed every other day. Controls groups
were also reared with 0.1× MMR but not treated with T3. The
tetracycline-inducible tadpoles were reared in 50 μg/ml doxycycline
hyclate (Doxy; Sigma) (Das and Brown, 2004–>) for 4 days before T3
was added for another 4 days. For globin switching experiments
animals were exposed to T3 for 3 days and BrdU was injected
intraperitoneally either 24 h before T3 induction or 48 h after T3
induction in separate experiments. Tadpoles and frogs were anesthe-
tized with ice-cold MS-222 (3-aminobenzoic acid ethyl ester; Sigma)
before sampling their organs.
Liver microarray
A liver microarray was carried out at three stages of tadpole
development (NF52, NF62, and NF66) exactly as described Cai et al.
(2007). Agilent X. laevis microarray slides (AMADID#013214)
contained 21,654 sense oriented 60-mer oligonucleotides. The same
universal standard was included with all hybridizations. The results
have been deposited in NCBI's Gene Expression Omnibus and will be
accessible January 2010 (GSE16017 and GSE16018).
Histology, Immunohistochemistry and in situ hybridization
For histology, immunohistochemistry and in situ hybridization
various organ samples were ﬁxed in 4% paraformaldehyde, embedded
in OCT compound, and cryosectioned (7 μm) as described (Cai and
Brown, 2004).
Immunohistochemistry and BrdU labeling was carried out accord-
ing to Schreiber et al. (2005). Primary antibodies used for immuno-
histochemistry were rabbit anti-GFP (Torrey Pines Biolabs, USA) at
1:500 dilution; mouse anti-BrdU (Becton Dickinson Immunocytome-
try Systems, USA) at 1:30 dilution. Fluorescence-conjugated second-
ary antibodies (Molecular Probes) were used at a dilution of 1:400
and nuclei were counterstained with 0.5 μg/ml DAPI.
In situ hybridization was performed on 4% paraformaldehyde ﬁxed
and cryosectioned tissues as described earlier (Cai and Brown, 2004).
The digoxigenin-labeled antisense probes were prepared according to
Berry et al. (1998a). The probes used in this experiment with their
gene bank accession number are, collagen (BG553552), collagenase 3
(U41824), fetuin B (BQ732878), alcohol dehydrogenase (BU903270),
cytochrome P450 (AB022671), carbamoy1-phosphate synthetase I
(CB198219), larval beta II globin (CB944124), adult beta II globin
(BG160459), larval keratin (NM_001085584), adult keratin (S72348).
Slides were observed and digital images were taken with a Nikon
Eclipse E800 microscope and SPOT RT digital camera (Diagnostic
Instruments). In each group, 5–10 animals were used for in situ
hybridization, immunostaining, and histology. Identical results were
obtained for samples from the same stage. The double in situ
hybridizationmethod used for Fig. 7 is described in Huang et al., 2001.
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